In this study, the dynamics of living cells (LC) and dead cells (DC) in a laboratory-scale biofilm membrane bioreactor for waste gas treatment was examined. Toluene was used as a model pollutant. The bacterial cells were enumerated as fluoromicroscopic counts during a 140 operating day period using BacLight nucleic acid staining in combination with epifluorescence and confocal laser scanning microscopy (CSLM). Overall, five different phases could be distinguished during the biofilm development: (A) cell attachment, (B) pollutant limitation, (C) biofilm establishment and colonization, (D) colonized biofilm, and (E) biofilm erosion. The bioreactor was operated under different conditions by applying different pollutant concentrations. An optimum toluene removal of 89% was observed at a loading rate of 14.4 kg m -3 d -1
. A direct correlation between the biodegradation rate of the reactor and the dynamics of biofilm development could be demonstrated. This study shows the first description of biofilm development during gaseous toluene degradation in MBR.
Keywords: Biodegradation, membrane bioreactor, cell viability, microbial biofilm, toluene, CLSM, VOC Biological treatment of waste gases has advantages compared with physical-chemical treatments when volatile organic compounds (VOCs) are biodegradable and their concentrations are low. Biofilters (BF) and biotrickling filters (BTF) are the most frequently used biological techniques for waste gas treatment. In both techniques, gas flows through a packed bed of carrier material on which microorganisms grow as a biofilm [21] . The biofilm is covered by a water layer, forming a barrier for hydrophobic compounds between the microorganisms and the waste gas [24] . The membrane bioreactor for waste gas treatment (MBRWG) is a technological advantage that makes it possible to separate gas and liquid phases. Pollutants diffuse through the membrane and are subsequently degraded by the microorganisms in the biofilm. However, the success of this biotechnology is sometimes hampered by the inactivation of the microbial community and the clogging due to an excess of biomass [9, 19] .
MBRWG for toluene removal has often been studied with respect to process optimization and performance [11] . However, little is known about the biofilms on the membrane surfaces [19] , and up till now the biofilm is considered as a "black box".
In addition, the biofilm structure is of special importance in the operation of biofilm reactors [22] . Biofilms in bioreactor systems are highly organized structures of cellular aggregates embedded in the extracellular polymer substances (EPS) [5] . Their structure includes voids and channels that increase the influx of substrates and nutrients to the inner parts of the biofilm and facilitate the efflux of wastes [23] . To date, no information exists about the biofilm structure and dynamics in MBRWG. In bioreactors, the living cells (LC) within the biofilms are usually quantified by plating techniques based on colony forming units. However, this method may enumerate only a minority of the microbial populations as it does not take into account the viable but not culturable (VBNC) microorganisms [14] . In addition, two studies conducted on a monoculture of Pseudomonas putida demonstrated that pollutants could decrease the cell culturability on selective media [15, 16] . In order to identify microorganisms and to determine their quantity in biofilms without cultivation, culture-independent methods such as the fluorescence in situ hybridization (FISH) method were developed [1] . To date, no information exists about the biofilm structure and dynamics in MBRWG.
Owing to the above-mentioned complexity, current understanding of the biofilm systems for waste gas treatment 
O. For all the experiments described herein, the MBR was rinsed with ethanol, and the mineral medium and heat-resistant reactor parts were autoclaved prior to the experiments. The experimental set-up used in this study has been previously described [10] .
Reactor Operation
The reactor was operated for a period of 140 days after seeding with Burkholderia vietnamiensis G4, which had been grown in a mineral medium with toluene as a sole carbon and energy source. The MBRWG was subjected to different load conditions to determine the removal characteristics through the unit. The toluene inlet concentrations (C i n ) were changed between 0.8 to 4.0 g/m
3
. The mass loading rate (LR) was 3.6 to 15.5 kg m
. The performance of the membrane bioreactor was evaluated by removal efficiency.
Analytical Methods
Gas phase toluene concentration was measured using a Varian 3700 gas chromatograph (Varian Associates, Inc.) coupled to an FID detector. Gas samples were taken in triplicate with a 1-ml Vici gas syringe. Toluene removal efficiencies were determined on a daily basis. Different loadings were applied and the removal efficiency was measured at each loading. Water phase toluene concentrations were determined by taking 1-ml water samples with a plastic syringe (BD plastipak). The samples were brought into a 4.5-ml vial with a Teflon lined Mininert screw cap and placed in a thermostatic bath at 30.0 o C. After 2 h, 1 ml of the gas phase was sampled and injected into the gas chromatograph. Biofilm samples were periodically collected from the bioreactor and analyzed by CSLM and bacterial enumeration. For bacterial enumeration, two different methods were used: (1) agar plates to count the number of live and dead cells, and (2) CLSM. Cell dry weight was determined gravimetrically [2] .
Confocal Laser Scanning Microscopy (CLSM)
The bacterial LC and DC that developed in the biofilm of a toluenedegrading MBR were enumerated as fluoromicroscopic counts using nucleic acid staining and a direct epifluorescence filter technique. For staining of biofilms, a biofilm area of 0.5-1.0 cm 2 was taken from the membrane and mounted in a small Petri dish. The live/ dead BacLight Bacterial Viability Kit L-13152 (Molecular Probes) was used for staining according to the manufacturer's instructions and imaged with a Leica SP5 AOBS confocal microscope (HC PL APO 20.0×0.70 IMM UV), using the 543 nm HeNe laser line for the propidium iodide (PI). SYTO 
Three-Dimensional (3D) Visualization
Digital image analysis of the 3D data set was done as follows: Images were visualized by using the microscopic software (Leica) for maximum intensity projection. The surface isosurface was used to create biofilm 3D visualizations; in this approach, 3D surfaces were created to encase the biomass by interconnecting its boundary voxels by using Amira 5.2 software. Therefore, biofilm visualizations created in this manner were a geometric representation of a surface (termed as isosurface) from a 3D volume data set. CSLM z-stacks were processed by re sampling and segmenting the images according to a threshold that was selected according to a fluorescence intensity histogram of the tagged image file format (TIFF) files. In this manner, segmentation partitioned the images into background and biomass voxels, and this was further user verified by manually comparing segmented biomass with its 2D original.
RESULTS AND DISCUSSION

MBR Performance and Different Phases of Developed Biofilm
In this MBR, toluene-loaded air diffuses through the porous side of the membrane and is subsequently degraded by the microorganisms in the biofilm attached to the dense membrane. After 2 days, >60% toluene removal was observed. The microbial suspension was replaced by fresh MM manually, and thus all non-adhering cells were removed. On day 10 (phase A), the gas residence time (τ) was set at 11 s. Toluene removal efficiency was 65% with a LR of 6.9 kg m
. On day 30 (phase B), a removal efficiency of 45% was observed and was in the same order during the next 36-43 days. This may be due to the mechanical problems (leakage at the liquid side and shutdown of peristaltic pump) in the reactor set-up. This probably caused depletion of nutrient supply for the biofilm and lower reactor performance. However, on day 44, by increasing the residence time to 28 s, consequently decreasing the average loading rate to 1.02 kg m
, a removal efficiency of 99% was observed. This period (0-44 days) was considered as a reactor start-up.
After membrane bioreactor start-up different phases (C to E) were considered: phase C (day 60), phase D (day 80), and phase E (day140). During each of these phases, the MBRWG was subjected to different load conditions to determine the removal characteristics through the unit. The toluene inlet concentrations (C in ) were changed between 0.8 and 4.0 g/m
3
. The loading was kept constant until the removal efficiency reached steady state to be sure that the reactor performance was stable over time at a given loading rate. The mass loading rate (LR) was increased from 3.6 to 15.5 kg m -3 d (τ=10 s), removal efficiency decreased to 78%. An overview of the results is plotted in Fig. 2 and demonstrates that the removal efficiency depends on both the gas residence time and the loading rates. The lower removal efficiency obtained at decreasing gas residence time can be explained by change to a mass transfer rate controlled biosystem. The flux of toluene into the biofilm declines at decreasing residence time, due to lower inlet concentration gradients over the membrane surface.
Dry Weight and Thickness of Biofilm
The biofilm growth normalized as biomass dry weight could not be directly compared with the growth of a suspended bacterial culture because of (i) the constant movement of microorganisms between the biofilm and the liquid phase (e.g., bacteria release, biofilm sloughing), (ii) the different physiological state of bacteria in the biofilm as compared with the planktonic counterparts, and (iii) the substrate limitation because of the decrease of mass transfer in the biofilm [5] . The thickness and dry weight of the biofilm were assessed as a function of time (Fig. 3) . Kirchner et al. [8] reported that the biologically active layer of the biofilm was limited to a depth of 100 µm because of a diffusion-controlled nutrient and oxygen supply. In another study, the first indication of nutrient and oxygen shortage was found at a biofilm thickness of 25 µm [20] . This was done to assess the biofilm growth activity over a time period.
Enumeration of Living and Dead Cells During Toluene Biodegradation
The LC and DC within the biofilm developed on the membrane in a toluene-degrading MBR were enumerated as fluoromicroscopic counts during the 140 operating days period using nucleic acid staining and direct epifluorescence filter technique. The biofilm developed could be differentiated into different phases: (A) cell attachment, (B) pollutant limitation, (C) biofilm establishment and colonization, (D) colonized biofilm, and (E) biofilm erosion. The biofilm stained with live (green)/dead (red) is represented as maximumintensity projections in Fig. 4 . A three-phase development is a common conceptual model in naturally occurring biofilms [4] , and it has also been described in pollutantdegrading biofilms [17] . Fig. 2 . Effect of loading rate on the toluene removal efficiency and different phases of developed biofilm. Fig. 3 . Biofilm thickness and dry weight as a function of time.
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Comparison of Two Methods to Enumerate Bacterial Cells The microbial LC and DC within the biofilm developed in MBR were enumerated using two nucleic acid-staining fluorochromes (SYTO9 and propidium iodide). As the efficacy of these fluorochromes to stain LC and DC was verified on the microbial community used for toluene removal in the reactor, the red fluorescing cells were considered as dead and green fluorescing cells as alive in this study. The kit has already been used to distinguish living bacteria from dead bacteria isolated from different habitats [3, 6, 13, 18] . Bacterial LCs in the biofilm were enumerated according to two different techniques: a culturedependent (plate counts) and a culture-independent technique (fluoromicroscopic counts) (Fig. 5) . The results obtained with the latter direct count technique were first compared with the number of LCs obtained by plate counts. As expected, the plate count technique allowed the enumeration of less cells than the direct count technique. An explanation is that the loss of culturability could be linked to pollutant-induced stress. In a study with pure cultures of P. putida, Jones et al. [7] showed that the fraction of LCs that cannot grow on a selective medium increased slowly over the duration of toluene exposure in a vapor phase bioreactor. In the same bioprocess, an in-depth physiological analysis of the P. putida biofilm also revealed that the total respiring cell fraction decreased as the inlet toluene concentration increased [25] . It is therefore possible that, in this study, part of the bacterial LCs in the biofilm lost their culturability after long-term exposure to toluene. The present study revealed that the LCs were dominant in the biofilm during phases C and D compared with the others. The irregular shape (phase E) of the biofilm could be due to the accumulation of inactive organic matter. This organic matter could either come from extracellular polymers or cellular products of leakage and bacterial lysis [12] . The constant accumulation of such organic matter could therefore be one of the key factors responsible for the eventual clogging described in most of the biosystems [3] . In addition, it does not contribute to the toluene removal and constitute an increase of alternative carbon sources for cryptic growth [26] .
3D Isosurface and Dynamics of Living and Dead Cells Within the Biofilm
Image processing and analysis methods are widely used in microbial research to quantify and/or semiquantitatively characterize microorganisms growing in biofilms. This was carried out with the specific aim of visualizing the distribution of live and dead cells in the biofilms stained with SYTO9 and PI. This visualization was performed to illustrate the components of these biofilm communities. With regard to biofilm development and fluorescent staining, each of these experiments was performed in triplicate and a representative example of each was visualized using computer graphics (CG), as shown in the data presented here. The 3D isosurfaces of the developing biofilm are shown in Fig. 6 . In summery, 3D visualization illustrates the dynamics of living and dead cells. The biofilm contained significant proportion of dead cells in phase B. These dynamics are well in agreement with the removal efficiency of the toluene throughout the experiment.
It can be concluded that the above findings lead to a further understanding of the bacterial biofilm dynamics of a membrane reactor operated under different operating conditions. An optimum toluene removal of 89% was observed at a loading rate of 14.4 kg m -3 d -1
. Comparison of two methods (culture dependent and culture independent) shows that CSLM is a good tool to study the structure and dynamics of the biofilms system. 3D visualization of biofilms illustrated the dynamics in living and dead cells, which are well in agreement with the toluene removal efficiency over time. However, further research has to be done to show the influence of hydrodynamic conditions on the biofilms.
